Conservation rates in non-protein-coding regions of five yeast genomes of the genus Saccharomyces were analyzed using multiple whole-genome alignments. This analysis confirmed previously shown decrease in conservation rates observed immediately upstream of the translation start point and downstream of the stop-codon. Further, there was a sharp conservation peak in the upstream regions likely related to the core promoter (−35 bp to +35 bp around TSS) and a conservation peak downstream of the stop-codon whose function is not yet clear. Regulation of leucine and methionine biosynthesis controlled by the global regulator Gcn4p and pathway-specific regulators was analyzed in detail. 
Introduction
Extracting the complete functional information encoded in a genome -including genic, regulatory, and structural elements -is the central challenge in bioinformatics. Prediction of non-protein-coding functional regions, such as regulatory sites, is especially difficult because they are usually short (6-15 bp for S. cerevisiae and many other eukaryotic genomes), often degenerate, and can reside on either strand of DNA at variable distances from the genes they control. As functional sequences tend to be conserved through the evolution, they can appear as "phylogenetic footprints" in alignments of genome sequences of different species.
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In that way transcription factor binding sites could be predicted to reside within such conserved footprints.
Shabalina et al. 2 observed conservation in 5 -and 3 -untranslated regions (UTR) at the large-scale level ascribing it to "common" functional sequences such as mRNA-ribosome interaction sites. Two groups used multiple whole-genome analysis 3 and multiple alignments of gene upstream regions 4 to identify binding signals for transcription factors. The results were represented as two lists of predicted binding motifs. The comparison of these lists shows rather moderate intersection. This prompted us to analyze the conservation rate for known and predicted binding sites in the Saccharomyces genomes in more detail. In this paper, we describe the conservation rates of binding sites for transcriptional regulators of two metabolic pathways, biosynthesis of methionine and leucine. The amino acid biosynthetic pathways in yeast are subject to general transcriptional control by the global regulator of amino acid biosynthesis, Gcn4p. Its translation is activated in conditions of starvation for any of the ten amino acids. 5 The regulator binds to Gcn4p-responsive elements (GREs), with the core sequence TGACTC, in the upstream regions of regulated genes. [5] [6] [7] [8] Gcn4p activates a variety of genes involved in amino acid biosynthesis. In addition to Gnc4p, the amino acids biosynthesis pathways are controlled by pathway-specific regulators. The specific regulators of the methionine biosynthesis are the regulatory complex Cbf1/Met4/Met28 and orthologous gene pair Met31/Met32. The binding site cores for these regulators are TCACGTG and AAACTGTGG, respectively.
9,10
Leu3p is a specific regulator of the leucine biosynthesis. Its binding site consensus is CCG-N 4 -CGG. 11 Several genes of this metabolic pathway (such as Leu4, Ilv2, Ilv3, and Ilv5) are controlled by both Gcn4p and Leu3p, whereas others are regulated only by one of these factors. For example, the expression of Ilv1 does not depend on
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Leu3p, and is under Gcn4p control only, while genes Leu1 and Leu2 are activated exclusively by Leu3p.
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De novo leucine biosynthesis includes four steps. The first pathway-specific reaction is catalyzed by alpha-isopropylmalate synthases, which are expressed in the absence of leucine and produce alpha-isopropylmalate. 13 The Leu4 gene encodes two isoforms of alpha-isopropylmalate synthase due to alternative transcription start sites. The longer isoform is localized in the mitochondrial matrix and the shorter one, in the cytoplasm. 14 Both isoforms are functional and could produce alpha-isopropylmalate. 15 However, in yeast, the enzymes involved in the de novo synthesis of alpha-isopropylmalate are largely associated with the mitochondria, 16 and the role of the cytosolic isoform of alpha-isopropylmalate synthase in not yet clear. It may be needed only under anaerobic conditions, when the mitochondrial isoform might be unstable or nonfunctional.
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Thus, alpha-isopropylmalate (at least partially) is synthesized in the mitochondrial matrix. Subsequent stages of the leucine biosynthesis occur in the cytoplasm, 18 so this intermediate has to be transported into the cytosole. Moreover, alphaisopropylmalate is a co-activator of regulator Leu3p, 13, [19] [20] [21] and thus should be transferred into the nucleus as well. To our knowledge, no alpha-isopropylmalate transporter of yeast has been experimentally identified. Using the comparative analysis of regulation and other supporting evidence, we have identified a candidate gene for the alpha-isopropylmalate carrier.
Material and Methods

Global analysis
We used the yeast genome annotation extracted from the SGD database (ftp://genome-ftp.stanford.edu/pub/yeast/data download/chromosomal feature/saccharomyces cerevisiae.gff) to map 6578 ORFs to the finished genome of S. cerevisiae. 22 The draft genomes of four species of the Saccharomyces sensu- 
where m i and g i are the numbers of matches to S. cerevisiae and gaps in the alignment column, respectively, and N is the total number of non cerevisiae species in the alignment.
Analysis of individual regulatory systems
Fragments covering 750 nucleotides of upstream regions and 150 nucleotides of protein-coding genes of S. cerevisiae were considered. Search for orthologs was done using fungiBLAST (http://www.ncbi.nlm.nih.gov/sutils/genom table.cgi?organism=fungi). Protein-coding genes without identifiable orthologs were ignored. Conversely, regions upstream of orthologous genes were considered even if they did not produce a strong alignment.
Genome Explorer 26 was used to identify candidate sites. SignalX 27 was used to construct positional weight matrices. As our matrices are similar to the already published ones, 28 we did not perform detailed comparison of the matrix specificity. New matrices were constructed to facilitate the work with our tools. Multiple sequence alignments were done using ClustalX. We first analyzed the positional conservation rates in 5 . We confirmed relatively high-conservation rate in the region immediately upstream of the start codon observed in Ref. 2 . In addition to this conservation peak, we observed a region of higher conservation further upstream, starting at about 70 bp, reaching the maximum at 120 bp and getting back to the background level at 220 bp upstream of the translation start point (Figs. 1(a) and 1(b)). This conservation peak could not be explained by accumulation of transcription factor binding sites, as the distribution of these sites reaches maximum at 200 bp upstream of the translation start point and returns to the background level beyond 600 bp upstream of start codon (data not shown). We suppose that the observed conservation at the (−220-70 bp) region may be caused by binding sites for TATA-box-binding proteins (core promoters). The distribution of these sites is similar to the conservation plot in this region (data not shown).
As for downstream intergenic regions, our results extend the observations by Shabalina et al. 2 They described a decrease in the conservation rate immediately downstream of the stop codon. We analyzed the conservation rates in larger untranslated regions. Our analysis confirmed the decrease in the conservation level observed by Shabalina et al., 2 but we also observed an increase in the conservation rate cov- decrease gradually around 100 bp downstream of the stop codon until reaching the background level at about 155 bp downstream of the stop codon. Thus, in fact, the region of decreased conservation is followed by a long-tail peak in the conservation rate in the 3 -UTR. It is likely that peak is caused by mRNA stability and localization sites that are concentrated in the region 50-100 nt downstream of the stop-codon.
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Conservation of transcription factor-binding sites
We studied the positional conservation rates in alignments centered at known binding sites for transcription regulators present in the SCPD database. This database includes experimentally mapped binding sites of length varying from five to 56 nucleotides. As expected, the conservation rate at transcription factors binding sites was much higher than the conservation rate in surrounding non regulatory parts of upstream regions. The conservation rate was highest in the middle of the sites and decreasing gradually toward the surrounding region. However, it remained elevated in the vicinity of the sites, extending to approximately 100 bp (Fig. 2) . This region of elevated conservation around the sites cannot be attributed to imprecise positioning of sites in DNA footprinting experiments, since the region of increased conservation extended beyond the length of the longest sites (Fig. 2) . It is also unlikely to be an artifact linked with anchoring of alignments by highly conserved binding sites, since we excluded positions containing gaps from analysis. The observed elevated conservation level at 5 of the site also could not be explained by the general decrease in the conservation rate caused by extended distance from the gene, as our results suggest that increasing the upstream distance does not lead to a noticeable decrease in the conservation rate. Thus, we conclude that observed elevated conservation 5 may be due to the presence of other binding sites or promoters. Consistent with this explanation, the conservation rate in the region between the site and the gene (3 of the site) is higher than in the region further upstream (5 of the site). As binding sites for transcription regulators in eukaryotes are usually short, clustering of transcription factor binding sites is one of the mechanisms providing the specific regulation via cooperative binding of transcription factors to DNA strands.
Conserved regulation of the methionine and leucine biosynthesis pathways
Our observation of the extended region of higher conservation around the binding sites for transcription factors could, at least partially, explain the differences in the sets of predicted signals in Refs. 3 and 4, as different algorithms may pick up different conserved sites in these regions. Another possible explanation could be that the binding sites are not absolutely conserved, and again, their determination is algorithm-dependent. To examine this possibility, we analyzed in detail the conservation of binding sites for transcriptional activators of two amino acids biosynthesis pathways, biosynthesis of methionine and leucine. Experimentally verified binding sites for transcription regulators are unknown for Saccharomyces genomes other than S. cerevisiae, and we could not construct position weight matrices for these genomes. Multiple protein alignments of DNAbinding regions of regulators indicate high similarity of the binding region in all species (data not shown). Thus, we believe that the binding signals are very similar in all studied genomes, and the positional weight matrices constructed for binding sites of S. cerevisiae could be applied to other genomes as well. We investigated the conservation rates of binding sites in multiple alignments of upstream regions.
We assumed that a binding site is conserved if it was aligned to a candidate site in the other genomes. In order to take into account the possibility of large insertions in the upstream regions leading to misalignment, we independently searched for candidate sites in all genomes using the S. cerevisiae matrices and then aligned the regions around the candidate sites. However, all such sites were observed in dissimilar, likely non homologous regions, and thus they seem to be false positives.
To simplify the estimations, we used the quantitative assessment of conservation rates. If a binding site was exactly conserved in a studied genome (compared to S. cerevisiae) we scored it as 1. If a site is not exactly conserved, but still aligns to a candidate site recognized by the respective profile it was scored as 0.5. We tabulated the sums of the total site scores for transcription regulators separately for each genome.
The conservation rates of binding sites for the global regulator of amino acid biosynthesis, Gcn4p, were examined in regulatory regions of nine genes with experimentally verified binding sites listed in the SCPD database: HIS3, ARG8, ARG1, ADE4, ILV1, TRP4, HIS4, HIS7, and ILV2. Known binding sites upstream of these genes were used to construct the positional weight matrix.
As mentioned above, the biosynthesis of methionine is regulated by three more or less independent regulators or regulatory complexes: Gcn4p, Met31/Met32, and Cbf1/Met4/Met28. Matrices for the Cbf1/Met4/Met28 and Met31/Met32 binding sites were constructed using sites from the SCPD database and the known consensus, respectively. Then these matrices were applied to genes known to be regulated by these factors. Similarly, structural genes of leucine biosynthesis are independently regulated by Gcn4p and Leu3p, and these genes could be activated by both or any one of these regulators. So, candidate binding sites for these transcription factors were predicted only in the upstream regions of genes known to be regulated by a particular regulator. The Leu3p binding sites are not listed in the TRANSFAC database, and we constructed a position weight matrix on the basis of the consensus 36 and several experimentally verified binding sites.
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All identified sites were divided into three groups: "known" (experimentally verified sites), "strong predicted sites" (candidate sites with a score exceeding that of the majority of known sites), and "weak predicted" sites (candidate sites with a lower score, but still higher than the threshold set to the minimal score of experimentally verified sites).
As the considered genomes are not completely sequenced, we normalized the conservation rate dividing the total score by the number of orthologous genes for which the upstream regions were available. For genes having multiple sites for one regulator, the conservation of at least one site was considered to be sufficient for conservation of the regulatory interaction.
The average conservation rates for all studied regulators are presented in Fig. 3 . Our data demonstrate that, the conservation rates of known and strong predicted binding sites are similar for each regulator (except the Met31/Met32, see below, and some rare cases when no orthologs could be identified). Still, even strongest sites are not necessarily conserved in all examined genomes, as it has been implicitly assumed in the cited studies. Weak predicted binding sites serve as a control reflecting conservation rates for "random" sites.
As for the Met31/Met32 regulator(s), the conservation rates for all groups of sites seem to be rather low even in such closely related genome as S. paradoxus. We could not reliably explain such sharp decrease in the conservation of binding sites for this regulatory complex, as even the molecular function of this regulatory complex is still unclear.
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On the other hand, the conservation rates of known and predicted binding sites of Leu3p are much higher than the average conservation rate of binding sites for other regulators. This difference can be due to the length of the signal: for Leu3 it seems to be about ten nucleotides, as the internal positions also contribute to the strength of the interaction. But other explanations are also possible. For instance, in most cases there are multiple copies of Gcn4p binding sites in the upstream regions of controlled genes. This could increase the overall size and specificity of the effective binding. 6 The complete disruption or reduction of affinity of some of these sites would not make a gene misregulated. On the contrary, there is the only one site for Leu3p in an upstream region of each regulated gene, and thus the complete or partial destruction of this site should abolish the transcriptional regulation of the gene. This situation reflects that functional constraints on the "important" sites, such as the sites for Leu3p, are much stronger than on each of the multiple sites for Gcn4p. Therefore, this could explain the difference between the conservation rates of the binding sites for these particular regulators.
Thus, our detailed analysis shows that binding sites for eukaryotic transcription regulators may not be entirely conserved, and the standard phylogenetic footprinting techniques cannot be applied to yeast genomes without correction. Although the conservation rates of known and strong predicted binding sites are similar, even the strongest sites (including experimentally verified ones) may not be conserved even in the closest genome.
Identification of a candidate alpha-isopropylmalate transporter
We used the constructed positional weight matrices to identify other genes that could be involved in the methionine and leucine biosynthesis. This allowed us to identify YOR271c as the gene that could encode the transporter for alphaisopropylmalate, an intermediate of the leucine biosynthesis. This prediction is based on the following observations:
• The protein product of this gene is known to localize in the mitochondrion.
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• YOR271cp contains several predicted transmembrane domains (Fig. 4) and thus is structurally likely to be a transporter.
• The predicted binding site for the leucine pathway transcriptional regulator, Leu3p, is strongly conserved in all studied genomes and is identical to the binding site consensus (Fig. 5 ).
• The ChIP microarray data shows that YOR271c is activated by Leu3p along with several other structural genes involved in the leucine biosynthesis. 42 We Fig. 4 . Transmembrane segments predicted for YOR271cp. analyzed these data in more detail to ensure that there are no other candidates for the role of alpha-isopropylmalate transporter (Table 1 ). About half of the genes identified in the experiment are known genes of the leucine pathway (Table 1a) , whereas about half of the genes known to be regulated by Leu3p were missed (Table 1b) . Searching for possible alternative candidates, we considered ChIP-identified genes with unknown molecular function. We applied the Leu3p positional weight matrix to these nine genes. Only two of them, YOR271c (our candidate) and YDL228c, of S. cerevisiae had potential binding sites for Leu3p. The site upstream of YDL228c was weaker and was not conserved even in the closest genomes.
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Thus, YOR271c might be a transporter involved in the leucine biosynthesis.
Further, we constructed a phylogenetic tree of YOR271c homologs (Fig. 6) . The closest YOR271c homologs with known function are tricarboxylate transporter from Rattus norvegicus and sideroflexins.
The published data on sideroflexins are conflicting. The mouse gene encoding sideroflexin-1 (Sfxn1) was discovered during investigation of mutation that induces syderocytic anemia, 43 a disorder associated with aberrant mitochondrial iron homeostasis. 44 Although Fleming et al. 43 mentioned high similarity of the sideroflexin with the rat tricarboxylate transporter, they assumed that the gene they had cloned did not encode a tricarboxylate transporter, since a constitutively expressed mitochondrial tricarboxylate carrier was known. 45 They further suggested that the rodent sideroflexin homolog had been ascribed a wrong function of a tricarboxylate transporter as a consequence of co-extraction of this protein with the constitutive tricarboxylate carrier. However, during extraction of the presumed rat transporter for tricarboxylates, it had been analyzed for the substrate specificity and its ability to transfer tricarboxylates had been confirmed.
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Overall, although each observation is rather weak, we believe that taken together they are sufficiently convincing to warrant experimental verification.
Conclusions
In summary, our analysis of conservation of upstream regions of the genes and of individual transcription factor binding sites reveals a pattern of elevated conservation of regions of non coding DNA with regulatory function, compared to background conservation level. This conservation is not limited to individual binding sites, as shown previously most notably in studies, [47] [48] [49] but extends much further into the surrounding region. As expected, the conservation of all regions decreases with increased phylogenetic distance between the analyzed species. The phylogenetic footprint of the binding sites is most obvious at intermediate phylogenetic distances. Regions of increased conservation of individual binding sites extend beyond the edges of these sites, possibly indicating distributed clustering of the binding sites.
Pattern of conservation of individual sites shows relative decrease of conservation in distant genomes and variability of conservation rates of sites for different transcription factors. At that, longer single sites are more conserved than short, clustered sites. Recently, a considerable evolvability has been demonstrated for the regulation of mitochondrial and cytoplasmic ribosomal proteins. 50, 51 Our study demonstrates that the same seem to hold for primary metabolic pathways. Functional relevance of non consensus sites was demonstrated for transcription factors involved in the regulation of cell cycle and development.
